ABSTRACT
INTRODUCTION
In most vertebrates, final oocyte maturation (FOM) is induced by a ubiquitous maturation-promoting factor (MPF), which is activated in response to a maturation-inducing steroid (MIS), which is, in turn, regulated by gonadotropin (GtH; see review in [1] ). Insulin-like growth factor-I (IGF-I) also influences ovarian development and FOM in vertebrates [2] [3] [4] . Actions of IGF-I leading to oocyte maturation appear to differ among species, including various fishes. Prior investigations of the effects of IGF-I on FOM in fishes have all been conducted in vitro. In red seabream (Pagrus major), IGF-I can act to induce reinitiation of meiosis (germinal vesicle breakdown, GVBD) independently of sex steroids, ovarian MIS production, or follicular changes that result in oocytes becoming compe- tent to respond to MIS (MIS competence) [5, 6] . These actions of IGF-I have been described in other fishes, although not all actions are shared by all species.
Competence to an MIS can be induced by IGF-I in both spotted sea trout (Cynoscion nebulosus) and white perch (Morone americana), a congener of striped bass (M. saxatilis) [7, 8] . In spotted sea trout, induction of MIS competence by IGF-I is associated with its ability to increase MIS receptors on ovarian membranes, but IGF-I is less effective than GtH in this regard [7] . Formation of heterologous gap junctions between granulosa cells and fully grown oocytes, as well as homologous gap junctions among granulosa cells, are induced by both GtH and IGF-I in red seabream [9] . Acquisition of MIS competence is associated with junction formation in red seabream and Atlantic croaker (Micropogonias undulatus) [9] [10] [11] . Conversely, heterologous gap junctions appear to be involved in maintenance of meiotic arrest in Fundulus heteroclitus oocytes [12, 13] .
IGF-I induces GVBD directly in oocytes of Fundulus without affecting follicular steroidogenesis [14] . The time course of GVBD induction by IGF-I is more rapid than for MIS, leading Negatu and colleagues [14] to suggest that IGF-I plays a more proximal role than MIS in reinitiation of meiosis and FOM in this species. IGF-I potentiates GtHinduced MIS production by coho salmon (Oncorhynchus kisutch) follicles [15, 16] .
Despite many described actions of IGF-I on FOM, the intracellular mechanisms by which IGF-I induces GVBD and MIS competence, or alters follicular steroidogenesis to favor MIS production, are not well characterized for fishes. In postvitellogenic follicles from red seabream or Fundulus, the transcription inhibitor, actinomycin D, can block induction of in vitro oocyte maturation by GtH but not IGF-I or MIS. Actions of all three classes of hormones can be blocked by the translation inhibitor, cycloheximide [5, 6, 14] . Therefore, there must be differences between GtH and IGF-I in their mechanisms of action for induction of oocyte maturation. Specifically, GtH requires synthesis of new mRNA to induce GVBD in postvitellogenic oocytes, whereas IGF-I and MIS do not. However, all three hormones require protein synthesis, which is likely involved in MPF activation, to stimulate GVBD [5, 6, 14] .
Striped bass are an important aquaculture and fisheries species that rarely spawn in captivity without treatment with exogenous hormones. Methods for spawning wild and captive fish have been developed [17, 18] . As part of efforts to establish methods for controlling reproduction of striped bass, regulation of oocyte maturation by GtH and gonadal steroids has been described [19, 20] . The MIS for striped bass has been identified as 17,20␤,21-trihydoxy-4-pregnen-3-one (20␤-S) [21] . A second steroid, 17,20␤,dihydoxy-4-pregnen-3-one (17,20␤-P), is also a potent stimulator of GVBD in vitro in this species, and levels of this hormone in blood plasma of maturing females or in culture medium of ovarian tissue undergoing FOM parallel changes in MIS concentration, but receptors for 17,20␤-P could not be de-tected on striped bass ovarian membranes [19] [20] [21] . We believe 17,20␤-P to be a biosynthetic precursor to 20␤-S.
The actions of IGF-I or other members of the insulin family of peptides on FOM have not been previously investigated in striped bass. This report describes a series of experiments that were conducted to characterize effects of recombinant human (rh) IGF-I on FOM in this species. The efficacy of various insulin family peptides for inducing GVBD in vitro were compared for the peptides used alone or in combination with MIS. The effects of inhibitors of steroidogenesis, translation, and transcription on GtH-induced in vitro FOM and MIS production were reported previously for this species [20] . In the present study, we tested the effects of these inhibitors on rhIGF-I-induced GVBD and ovarian steroidogenesis, and compared their effects on rhIGF-I actions with their effects on hCG actions. In these experiments, the concurrent effects of gap junction uncouplers were also examined. These n-alkanols (1-heptanol and 1-octanol) induce GVBD in Fundulus oocytes but inhibit GtH-induced GVBD in follicle-enclosed oocytes of the frog, Xenopus laevis [13, 22] . Activity of IGF-I can be significantly altered by IGF binding proteins (IGF-BPs) that are present in the circulation and target tissues [23, 24] . To obtain information on the potential importance of these proteins in regulating striped bass FOM, we compared the GVBD-inducing potency of rhIGF-I to that of a synthetic analogue of rhIGF-I, des(1,3)IGF-I, which does not bind IGF-BPs in higher vertebrates [25] .
MATERIALS AND METHODS

Chemicals
The rhIGF-I, rhIGF-II, and des(1,3)IGF-I were purchased from GroPep, Inc. (Adelaide, Australia). The steroids, 20␤-S and 17,20␤-P, were purchased from Steraloids, Inc. (Wilton, NH). Bovine insulin, hCG, actinomycin D, cycloheximide, 1-heptanol, and 1-octanol used in in vitro cultures, and estradiol-17␤ (E 2 ) and testosterone used as standards for radioimmunoassay (RIA), were purchased from Sigma Chemical Company (St. Louis, MO). The 3␤-hydroxy-⌬ 5 -steroid dehydrogenase (3␤-HSD) inhibitors, trilostane and cyanoketone, were a gift from Sterling Drug Inc. (Rensselaer, NY). The growth factors and bovine insulin were dissolved in 10 mM HCl at 1 mg ml Ϫ1 , and the steroids were dissolved in absolute ethanol at 1 mg ml Ϫ1 before use. Trilostane and cyanoketone were first dissolved in DMSO at 2.5 mg ml
Ϫ1
. Solvents for these chemicals never exceeded 0.1% (v/v) in the various cultures or assays. Actinomycin D and cycloheximide were dissolved directly in culture medium.
Animals
Adult striped bass that served as ovarian tissue donors were obtain from several sources as needed during the spawning season. Captive fish (fish obtained as adults from the wild during prior spawning seasons) and domestic animals (raised from larvae to maturity in captivity) were obtained from the Pamlico Aquaculture Field Laboratory (PAFL) of North Carolina State University and the Marine Resources Research Institute (MRRI) of the South Carolina Department of Natural Resources. Wild females were collected early in their spawning migration from pound nets near the mouth of the Roanoke River, in North Carolina. Fish were maintained in fresh well water or brackish creek water that varied in salinity. Photoperiod and water temperature were at ambient outdoor conditions. Prior to experiments, the captive and domestic fish were fed a 38% protein commercial hybrid striped bass feed (Southern States, VA).
In Vitro Bioassay
In vitro incubations of ovarian follicles and subsequent evaluation of oocyte maturational stages followed our routine procedures as previously described by King et al. [20] . Depending on the specific experiment, females with fully grown ovaries were either not treated with hormones, implanted with pelleted GnRH analogue ([D-Ala 6 -Pro 9 -NEt]-LHRH, GnRHa; Sigma) as described by Hodson and Sullivan [17] , or 'primed' by injection with hCG (100 IU kg Ϫ1 body weight) as described by King et al. [20] prior to removal of their ovaries to obtain tissue for culture. Untreated females with maximum ovarian follicle diameters greater than 850 m but displaying no signs of lipid droplet coalescence in their ooplasm were selected as ovarian donors for studies requiring early stage follicles (stage 1; [26] ) that were unresponsive to hCG in vitro [20] . Hormone-treated fish with oocytes having a centrally located germinal vesicle and just initiating lipid droplet coalescence in their ooplasm (stage 2 [26] ) were selected when we wanted more mature tissues that were responsive to hCG in vitro. The ovaries were excised, placed into cold (4ЊC) media consisting of Cortlands balanced physiological saline buffered with 15 mM Hepes, adjusted to pH 7.5, and supplemented with 1 g D-glucose L Ϫ1 , 0.1% BSA, 100 000 units sodium penicillin G L Ϫ1 and 100 mg streptomycin S L Ϫ1 . The ovaries were then fragmented with scissors and fragments weighing approximately 0.1 g were placed into individual wells of a Falcon 24-well culture plate (Becton Dickinson, Franklin Lakes, NJ) containing 1 ml of control medium. The tissues were moved to plates containing experimental medium (containing hormones or inhibitors) following a minimum of 1 h of preincubation in control medium. When inhibitors were tested, tissues were preincubated for 1 to 2 h in the presence of the inhibitor. Cultures were placed in a Dubnoff shaking incubator at 22ЊC under air. The medium samples were aspirated upon termination of the experiment, centrifuged (10 000 ϫ g 1 min), and then supernatants were stored at Ϫ80ЊC for later measurement of steroid hormone concentrations by RIA. The follicles were then treated with an oocyte-clearing solution of ethanol:formalin:acetic acid (6:3:1 v/v; [27] ; chemicals purchased from Fisher Scientific, Pittsburgh, PA) and examined using a dissecting stereomicroscope to detect and enumerate the incidence of GVBD.
Hormone Measurement
Steroid hormones in culture medium were measured using highly sensitive and specific RIAs for E 2 , testosterone, 20␤-S, and 17,20␤-P in striped bass blood plasma [19, 28] that were previously validated for use with culture medium from striped bass ovarian tissue incubations [20] . Steroids were usually measured in duplicate samples of 100 l of medium, with the exception that testosterone was sometimes measured in 30-or 5-l sample volumes as required when multiple hormones were being measured in limited quantities of culture medium. Samples were extracted three times with ethyl ether and the extracts were pooled and dried under a stream of nitrogen gas at 37ЊC before resuspension in RIA buffer for assay. Hormone detection limits of the assays, defined as the minimum quantity that could
Percentage GVBD in ovarian fragments (100 mg) exposed for 96 h to graded doses of rhIGF-I, rhIGF-II, or bovine insulin (bInsulin), with or without 20␤-S (290 nM) added to the culture medium (A). Tissues were not competent to respond to hCG or 20␤-S by completing GVBD. Concentrations of 20␤-S (B) and E 2 (C) measured in the medium of the wells containing ovarian fragments exposed to graded doses of rhIGF-I, rhIGF-II, or bInsulin. Each point represents the mean of triplicate incubations. Vertical brackets indicate SEM. Asterisks denote values significantly different from those shown for tissues incubated without exogenous hormone (P Յ 0.05). nd, Nondetectable.
be statistically distinguished from B 0 values were 30 pg ml Ϫ1 for E 2 and testosterone, 50 pg ml Ϫ1 for 20␤-S, and 40 pg ml Ϫ1 for 17,20␤-P.
Data Analyses
Data were obtained from a number of experiments using several fish from different sources. The data presented in each figure were collected from a single animal and each data point represents the mean of three replicate incubations. When the effects of multiple growth factors were being compared, data were subjected to two-way ANOVA to test for significant differences among various concentrations of a growth factor and between growth factors in their effects on the percentage of oocytes completing GVBD. For all experiments involving RIA, data were subjected to oneway ANOVA to test for differences among treatments in medium steroid concentrations. One-way ANOVA was also used to test for differences among treatments in the percentage of oocytes completing GVBD when only one concentration of each exogenous hormone was examined for effects on GVBD and medium steroid hormone concentrations. Both one-way and two-way ANOVA were followed by Duncans new multiple range test [29] using the statistical software, SUPERANOVA (Abacus Concepts, Berkeley, CA). The a priori level of statistical significance used was P Յ 0.05.
RESULTS
Efficacy of rhIGF-I, rhIGF-II, and Bovine Insulin for Inducing GVBD and Steroidogenesis
The effect of rhIGF-I, rhIGF-II, and bovine insulin on GVBD, with and without concurrent treatment of the tissue with 290 nM 20␤-S, were examined for peptide concentrations ranging from 1 to 100 nM (Fig. 1A) . The data shown are for tissues from a captive fish from PAFL following a 96-h incubation. Similar results were observed using tissues from a captive fish from MRRI (data not shown). The lowest concentration at which rhIGF-I induced GVBD was 10 nM versus 100 nM for rhIGF-II. Bovine insulin did not induce GVBD. Addition of 20␤-S to the culture medium along with rhIGF-I or rhIGF-II did not potentiate stimulation of GVBD by the growth factors, suggesting that they were not just inducing competence of the oocytes to respond to MIS. Incubation with 20␤-S alone (290 nM) and hCG at 25 IU ml Ϫ1 had no effect on GVBD, suggesting that striped bass oocytes can respond to IGF-I and IGF-II before they become competent to undergo GVBD in response to GtH or MIS (not shown). Medium concentrations of 20␤-S were increased for tissues exposed to 100 nM rhIGF-I compared with control values, but were below detection for all other hormone treatments, including 25 IU hCG ml Ϫ1 (not shown; Fig. 1B) . Concentrations of 17,20␤-P were below detection in all media samples (not shown). The steroidogenic effects of IGF-I were not limited to 20␤-S. Concentrations of E 2 were increased in medium of tissues exposed to 10 and 100 nM rhIGF-I, 100 nM rhIGF-II (Fig. 1C) , or 25 IU hCG ml Ϫ1 (355 Ϯ 36 pg ml Ϫ1 hCG, not shown). Concentrations of testosterone were below detection in all samples except for medium from cultures containing hCG, in which testosterone was barely detectable (106 Ϯ 31 pg ml Ϫ1 measured in 30 l of medium, testosterone values not shown).
Time Course and Pattern of Steroid Production in Response to rhIGF-I Versus hCG
Ovarian fragments from the same captive fish used in the experiments described earlier were incubated in 100 nM rhIGF-I or 25 IU hCG ml Ϫ1 for various periods of time. Culture medium was collected after 24 or 48 h of incubation for measurement of steroid hormone concentrations.
FIG. 2. Time dependency of A)
20␤-S and B) E 2 production by ovarian fragments (100 mg) exposed to 100 nM rhIGF-I or 25 IU hCG ml
Ϫ1
. Tissues were not competent to respond to hCG or 20␤-S by inducing GVBD. Tissues were exposed to the hormones for 24 or 48 h before the medium was collected and replaced with new medium containing the exogenous hormones. Tissues were incubated in the new medium through Day 5. Each bar represents the mean of triplicate incubations. Vertical brackets indicate SEM. Asterisks denote values significantly different from those shown for tissues incubated without exogenous hormone at same time point (P Յ 0.05). nd, Nondetectable. , and the transcription inhibitor, actinomycin D (AcD; 1 g ml Ϫ1 ). Tissues were preincubated in inhibitors for 2 h. Each bar represents the mean of triplicate incubations. Vertical brackets indicate SEM.
The medium was replaced with new experimental medium, which was collected for assay of steroid levels at Day 5 of incubation, when the experiment was terminated. The data shown are from the fish from PAFL. Concentrations of 20␤-S in the medium were measurable at each time point for cultures containing rhIGF-I, but were always below detection limits for cultures containing hCG or control incubates ( Fig. 2A) . Thus, the follicles were producing 20␤-S within 24 h of exposure to IGF-I and continued to produce MIS beyond 48 h of exposure. These data also suggest that follicles can activate the MIS-synthesis pathway in response to IGF-I before they are capable of responding to GtH in this regard. For all hormone treatments, 17,20␤-P levels in the culture medium were below detection limits (not shown). Concentrations of E 2 in medium from incubates containing rhIGF-I or hCG were greater than for media without exogenous hormone (control) at all time points (Fig. 2B) . At the concentrations used, hCG was more effective than rhIGF-I in stimulating E 2 production. Medium concentrations of testosterone were usually below the detection limits of our assay when measuring the steroid in 30 l of medium (not shown). Testosterone was measurable only in medium from cultures containing hCG after 24 h of incubation, and then it was barely detectable (132 Ϯ 24 pg ml Ϫ1 ). For all hormone-treatment groups, the amount of 20␤-S, E 2 , or testosterone detected in culture medium collected after 24 h of incubation was greater than or equal to that at any other time point, despite the fact that the tissues had more time to produce hormone at the other time points.
Effects of 3␤-HSD Inhibitors and Actinomycin D on Hormone-Induced GVBD and Steroid Production
The effects of the 3␤-HSD inhibitors, trilostane and cyanoketone, and the transcription inhibitor, actinomycin D, on rhIGF-I-or hCG-induced GVBD were examined. Ovarian fragments were incubated for 81 h with 100 nM rhIGF-I, 5 IU hCG ml Ϫ1 , or 290 nM 20␤-S, and various inhibitors following 2 h of pretreatment with the inhibitors (Fig. 3) . Ovarian fragments incubated with the high dose of hCG (25 IU ml Ϫ1 ), with or without inhibitors, were cultured for only 18 h (data not shown). The steroids, 20␤-S and 17,20␤-P, were measured in the culture medium following incubations. Concentrations of E 2 and testosterone were measured in medium from tissues incubated without exogenous hormone or in the presence of rhIGF-I to confirm the steroidogenic effects of rhIGF-I observed in our prior experiments using follicles at an earlier maturational stage that exhibited low testosterone production. The data shown in Figure 3 are for tissues from a fish that had been caught in the wild that had been implanted with GnRHa so that her follicles would be at a later stage of maturation. The oocytes had a central germinal vesicle but showed early signs of lipid droplet coalescence in their ooplasm (hCGresponsive; stage 2 according to Patiño and Thomas [26] ) before the ovarian tissue was removed for incubation. Follicles at this stage were used so that the effects of inhibitors on rhIGF-I action could be compared with their known ef- fects in this and other species on hCG-and 20␤-S-induced GVBD and steroidogenesis.
Induction of GVBD by hCG was inhibited by all three pharmacological agents, whereas these inhibitors had no effect on rhIGF-I-induced GVBD (Fig. 3) . A dose-response curve was constructed for trilostane but only values for the highest concentration of inhibitor (10 g ml Ϫ1 ) are shown. At concentrations as low as 1 g ml Ϫ1 , trilostane reduced the proportion of oocytes undergoing GVBD in response to hCG (5 or 25 IU ml Ϫ1 ) to less than 3 percent. The concentration of actinomycin D used was previously shown to inhibit induction of GVBD in striped bass oocytes by 5 IU hCG ml Ϫ1 [20] . All of the inhibitors strongly attenuated steroid production by ovarian follicles (not shown). The only cultures for which 17,20␤-P or 20␤-S were measurable in the medium were those containing hCG alone (5 IU hCG ml Ϫ1 : 20␤-S ϭ 115 Ϯ 32 pg ml ). Both steroids were below detection limits in medium from cultures exposed to trilostane at concentrations as low as 0.01 g ml Ϫ1 . In response to rhIGF-I, medium E 2 production by the incubates increased almost fivefold, from 76 Ϯ 1 pg ml
Ϫ1
(control value) to 352 Ϯ 14 pg ml
, indicating that tissues exposed to rhIGF-I were able to produce steroids. In the same cultures, rhIGF-I decreased medium testosterone concentrations almost sixfold, from 1085 Ϯ 43 to 186 Ϯ 24 pg ml Ϫ1 , implying some activation of aromatase activity. Medium E 2 and testosterone concentrations in cultures exposed to 5 IU hCG ml Ϫ1 for the same length of time were 168 Ϯ 55 pg ml Ϫ1 and 811 Ϯ 161 pg ml Ϫ1 , respectively. Trilostane did not inhibit 20␤-S (290 nM) from inducing GVBD (Fig. 3) ; therefore, the highest concentration of trilostane used was not toxic to oocytes at a late stage of maturation (MIS competent). We also observed that trilostane and actinomycin D did not attenuate rhIGF-induced GVBD in tissues taken from fish at stage 1 of oocyte maturity in which follicles are unresponsive to hCG (data not shown). The maturational response of tissues to hCG or 20␤-S (plus trilostane) was far greater than their parallel response to rhIGF-I alone (Fig. 3) . We consistently see that hCG and 20␤-S are more effective than rhIGF-I at inducing GVBD, once the tissues become responsive to the former hormones.
Effects of n-Alkanol Gap Junction Uncouplers on IGF-Iand hCG-Induced GVBD and Steroid Production
The effects of n-alkanols that function as gap junction uncouplers (1-heptanol and 1-octanol) on hCG-induced (25 IU ml Ϫ1 , 18 h incubation) and rhIGF-I-induced (100 nM, 81 h incubation) GVBD and steroid production were examined. Ovarian fragments were preincubated with the nalkanols or ethanol (control) for 2 h. The data shown are for ovarian fragments obtained from the same donor fish used in the experiments illustrated in Figure 3 . The rhIGF-I-induced GVBD was not effected by 1-heptanol (1 mM) or 1-octanol (1 mM); however, both n-alkanols inhibited hCG-induced GVBD, although ethanol (2 mM) had no such effect (Fig. 4A) . These data suggest that GtH-induced maturation requires functional (coupled) gap junctions, whereas IGF-I-induced GVBD does not.
The steroids, 20␤-S and 17,20␤-P, were below detection limits in medium from control tissues or those incubated with rhIGF-I, but were measurable in medium from tissues exposed to hCG (Fig. 4B) . Concentrations of 20␤-S and 17,20␤-P in medium from tissues exposed to hCG were significantly reduced by addition of 1-heptanol or 1-octanol to the cultures, although ethanol had no such effect. Exposure of tissues to rhIGF-I had effects on levels of E 2 and testosterone measured in the culture medium similar to those seen in the previous experiment, which was expected because the tissues were from the same fish and were incubated in the presence of rhIGF-I at the same concentration for the same duration (not shown). With addition of rhIGF-I, concentrations of E 2 increased more than threefold, from 98 Ϯ 7 to 334 Ϯ 37 pg ml Ϫ1 , and testosterone decreased nearly fivefold, from 805 Ϯ 47 to 165 Ϯ 31 pg ml
Ϫ1
. Levels of E 2 and testosterone in the culture medium were not altered by addition of the n-alkanols or ethanol to the incubations. 
Effect of Cycloheximide on IGF-I-Induced GVBD
Cycloheximide (1 g ml Ϫ1 ) attenuated GVBD induced by 100 nM rhIGF-I in tissue taken from an hCG-competent but MIS-incompetent ovary from a domestic striped bass sampled at PAFL (Fig. 5) . The ovarian fragments were preincubated in medium containing cycloheximide for 1 h, then incubated in experimental medium for 105 h. These data suggest that protein synthesis is required for IGF-I to induce GVBD.
Comparative Effects of rhIGF-I Versus Des(1,3)IGF-I on GVBD
The effects of rhIGF-I and des(1,3)IGF-I on GVBD were compared for concentrations ranging between 10 and 100 nM. The data shown are from a wild fish whose ovary was hCG-and MIS-competent. At a concentration of 25 nM, des(1,3)IGF-I was more potent than rhIGF-I at inducing GVBD, but at 10 and 100 nM, the stimulatory effects on GVBD of the two peptides were about equal (Fig. 6) . We obtained similar results using tissue from two domestic fish from PAFL whose ovaries were hCG-competent but MISincompetent (data not shown). These data suggest that ovary-derived binding proteins may inhibit IGF-I activity in vitro.
DISCUSSION
Fully grown striped bass ovarian follicles that were not yet competent to undergo final maturation (oocyte GVBD) in response to hCG or MIS in vitro, completed GVBD in response to rhIGF-I or rhIGF-II (Fig. 1) . Although testosterone was rarely detectable in culture medium of follicles at this early stage of maturity, the tissues did produce MIS (20␤-S) de novo in response to rhIGF-I and increased production of E 2 in response to both rhIGF-I and rhIGF-II. In contrast, incubation of samples from these same tissues with hCG resulted in a pattern of steroidogenesis that is typical of more immature (vitellogenic) follicles. The hCGtreated follicles did not produce measurable levels of 20␤-S or its putative precursor (17,20␤-P), but did substantially increase E 2 and testosterone production. It should be noted that ovarian fragments from some fish whose follicles were fully grown (maximum diameter Ͼ 850 m) failed to exhibit the GVBD response to rhIGF-I (data not shown). This observation suggests that striped bass follicles or oocytes develop competence to respond to IGF-I to induce maturational changes as the main phase of vitellogenic oocyte growth comes to an end. Indeed, we have found that competence of biopsied striped bass follicles to respond to rhIGF-I in vitro is highly correlated with acquisition by the donor females of competence to respond to GnRHa treatment in vivo. The correlated in vivo response to GnRHa involves completion of oocyte maturation followed by ovulation or spawning [30] . Thus, there appears to be a specific early stage of final reproductive maturation in striped bass at which the ovaries become responsive to IGF-I for induction of maturational changes in the follicle cells and oocyte. Clearly, this stage is reached prior to the time when the follicles and oocytes acquire responsiveness to GtH.
Although both rhIGF-I and rhIGF-II could induce final maturation of striped bass oocytes in vitro, only treatment of the follicles with rhIGF-I induced measurable production of MIS, and rhIGF-I was more potent than rhIGF-II at inducing GVBD and increasing follicular E 2 production. Incubation of follicles with bovine insulin did not induce GVBD or alter steroid concentrations in the culture medium. This same apparent order of potency for inducing GVBD was observed when these three insulin family hormones were compared in other fishes [5, 14] . IGF-I induced GVBD at concentrations as low as 10 nM in striped bass (this study) and Fundulus, and 1 nM in red seabream [5, 14] . This order of potency is consistent with the peptides acting through an IGF-I receptor. Ovarian IGF-I receptors have not yet been characterized in a fish for which IGF-I has been shown to induce GVBD, but IGF-I receptors have been identified in ovaries of carp (Cyprinus carpio), brown trout (Salmo trutta), and coho salmon, where they are greater in number and affinity than insulin receptors [16, 31, 32] . The limited efficacy of bovine insulin for inducing maturation of striped bass ovarian follicles argues against improved glucose uptake as a mechanism for IGF-I to increase rates of oocyte maturation.
When MIS-incompetent follicles were incubated with growth factors, addition of 20␤-S to the culture medium did not increase the percentage of oocytes completing GVBD (Fig. 1) . This was true even when low (suboptimal) concentrations of the growth factors were used. This lack of activity by MIS suggests that IGF-I and IGF-II do not just induce MIS competence in striped bass oocytes, as has been reported for oocytes of red seabream and white perch [5, 14] . Addition of MIS to medium containing IGF-I strongly enhanced stimulation of oocyte maturation by IGF-I in follicles from these latter two species. For striped bass follicles at this same early stage of maturity (stage 1; [26] ), the inefficacy of MIS for inducing GVBD when administered alone or in combination with IGF-I or IGF-II suggests that IGF-I and IGF-II can act to induce oocyte maturation via a steroid-independent pathway.
The notion that the growth factors were not just inducing MIS competence and were acting via a steroid-independent pathway is further supported by the inability of specific pharmacological agents to attenuate rhIGF-I-induced GVBD. The 3␤-HSD inhibitor, trilostane, and the transcription inhibitor, actinomycin D, have previously been shown to reduce follicular 20␤-S and 17,20␤-P production and to inhibit hCG-induced GVBD in striped bass [20] . In the present study, these agents and cyanoketone reduced production of 20␤-S and 17,20␤-P by hCG-competent tissues that were incubated with hCG (5 or 25 IU ml Ϫ1 ). They also reduced hCG-induced GVBD in the same samples (Fig. 3) ; however, none of these drugs attenuated rhIGF-I-induced GVBD, which proceeded without measurable production of MIS or its putative precursor (17,20␤-P).
Both cyanoketone and actinomycin D failed to block IGF-I induction of GVBD in red seabream oocytes [5, 6] and neither actinomycin D nor aminoglutethimide (an inhibitor of cholesterol side chain cleavage) could attenuate IGF-I-induced GVBD in Fundulus oocytes [14] . In combination with results from the present study, these data suggest that MIS production is not necessary for IGF-I action in oocyte maturation of these teleost species. However, it should be noted that cyanoketone slightly attenuated IGF-I-induced GVBD in MIS-incompetent oocytes of red seabream, allowing for the consideration that at some maturational stages (Ͼ stage 1) IGF-I may increase de novo MIS production and the endogenous MIS could act to enhance GVBD [6] .
The ability of IGF-I to induce in vitro maturation of oocytes when follicles were cultured in the presence of actinomycin D not only supports the notion that IGF-I acts via a steroid-independent pathway, but also suggests that IGF-I induces maturation of striped bass oocytes via a transcription-independent pathway. Because mRNA is required for hCG action but not IGF-I action, IGF-I must be acting through a different mechanism than GtH to induce oocyte maturation. The same interpretations have been made of results from studies of red seabream and Fundulus in which actinomycin D inhibited GtH action but failed to inhibit IGF-I-induced GVBD [5, 6, 14] . However, cycloheximide blocked IGF-I-induced GVBD, suggesting that translation of mRNA into protein is necessary for IGF-I action (Fig.  5) . Cycloheximide also inhibited IGF-I-induced GVBD in oocytes of red seabream and Fundulus, and these findings were interpreted as evidence that cycloheximide blocks IGF-I induction of MPF or proteins that are required for activation of MPF [5, 14] .
The limited data available suggest that functional gap junctions may be necessary for GtH-but not IGF-I-induction of GVBD in striped bass ovarian follicles, further supporting the concept that GtH and IGF-I act via different pathways to induce oocyte maturation in this species. The ability of hCG to induce GVBD was attenuated by the addition of gap junction uncouplers (1-heptanol or 1-octanol) to the culture medium, but these substances had no effect on rhIGF-I-induced GVBD (Fig. 4) . Formation of gap junctions appears to be associated with acquisition of steroid maturational (MIS) competence and can be induced by GtH in some fishes [9, 10, 22] . Our data suggest that IGF-I does not induce MIS competence in striped bass. Heterologous (oocyte to granulosa) gap junctions appear to be important for maintenance of meiotic arrest in Fundulus oocytes [12, 13] , but they probably do not play the same role in striped bass because the n-alkanols did not induce meiotic resumption in our control cultures.
The reason why uncoupling of gap junctions inhibits oocyte maturation in some species but induces it in others is unclear [9, 11] . In Atlantic croaker and red seabream, induction of MIS competence by hCG is temporally correlated with increases in gap junctions between the granulosa and oocyte [9, 10] . The increased gap junction formation coincides with an increase in mRNA for the connexin protein (Cx32.2) from which the junctions are built [11, 33] . It is interesting that IGF-I was able to increase gap junction formation and induce GVBD as effectively as hCG in red seabream even though IGF-I-induced MIS competence and GVBD are not attenuated by the transcription inhibitor, actinomycin D, in this species. Patiño and Kagawa [9] suggest that IGF-I may support gap junction formation in red seabream by stabilizing Cx32.2 mRNA.
Production of MIS in response to hCG was not inhibited by n-alkanols in Xenopus. In this species, 1-heptanol inhibited MIS-induced GVBD in follicle-enclosed oocytes but not defolliculated oocytes. Thus, the n-alkanols appeared to be inhibiting access of the MIS to its receptors on the oocyte membrane [22] . We found that n-alkanols decreased production of both MIS and 17,20␤-P by striped bass follicles exposed to hCG. Although our data support the concept that functional gap junctions are necessary for GtHinduced GVBD in striped bass, this interpretation must be viewed with caution. We simply do not know to what extent reduction of MIS production by n-alkanols contributes to their attenuation of hCG-induced GVBD. Formation of homologous gap junctions among granulosa cells as well as heterologous gap junctions are associated with the acquisition of MIS competence in red seabream follicles [9] . Patiño and Kagawa [9] suggest the formation of heterologous gap junctions may also be important for production of MIS. Thus, the n-alkanols may have inhibited either steroid production alone or both steroid production and acquisition of MIS competence in our cultures treated with hCG.
Concentrations of 20␤-S measured in the medium of MIS-incompetent ovarian fragments induced by rhIGF-I to undergo oocyte GVBD (Fig. 1B) were as high as those measured in medium of more mature tissues that were induced to complete GVBD with hCG (this study, Fig. 4B ; [20] ). As noted, our interpretations are that rhIGF-I induces FOM in striped bass via a steroid-independent pathway and 20␤-S produced by striped bass follicles exposed to IGF-I does not significantly contribute to GVBD. We recognize that steroid kinetic studies must be conducted before the separate effects of IGF-I and GtH on 20␤-S synthesis can be adequately evaluated. The rate of 20␤-S metabolism in vitro may be expected to be lower for tissues that are not 20␤-S-competent than for tissues that have 20␤-S receptors and can utilize the steroid to induce GVBD. If this were the case, then 20␤-S synthesis in response to IGF-I in these early stage tissues could be considerably lower than for later stage tissues that are responsive to hCG, despite sim-ilar final medium concentrations. Production of MIS in response to rhIGF-I had to be low for the later stage (MIScompetent) tissues because we show that exogenous and endogenous (hCG-induced) MIS rapidly stimulated GVBD, whereas rhIGF-I acted much more slowly to do so.
We previously reported that 17,20␤-P concentrations are usually greater than 20␤-S concentrations in culture medium of striped bass ovarian fragments completing oocyte GVBD in response to hCG [20] . In fact, 20␤-S is often below detection limits in medium obtained from such cultures. In the present study, 17,20␤-P was not detectable in culture media of tissues exposed to IGF-I, although levels of this steroid were always higher than 20␤-S levels in media from tissues completing GVBD in response to hCG. Furthermore, neither 20␤-S nor 17,20␤-P were detectable in medium of tissues exposed to IGF-I if these tissues were obtained from fish in late stages of ovarian maturation. Ovarian fragments from such fish could respond to hCG by producing 17,20␤-P and 20␤-S and oocytes therein could be induced to complete GVBD if the tissue was incubated in media containing hCG or 20␤-S. Both of these findings are consistent with low follicular 20␤-S production in response to IGF-I, and low 20␤-S utilization and metabolism by hCG-incompetent tissues exposed to IGF-I.
As noted, we consider 17,20␤-P to be a biosynthetic precursor to MIS (20␤-S) in striped bass. If enzymes converting 17,20␤-P or other precursors to 20␤-S are up-regulated by IGF-I but various enzymes in the pathway leading to 17,20␤-P are not, then 20␤-S but not 17,20␤-P would accumulate rapidly in medium of hCG-and MIS-incompetent tissues exposed to IGF-I, as seen in Figure 1 . In follicles of coho salmon undergoing maturation in vitro, IGF-I has been shown to decrease production of 17-hydroxy-4-pregnene-3,20-dione (17P4), a precursor to 17,20␤-P. In the same study, IGF-I increased conversion of 17P4 to 17,20␤-P, the MIS in coho salmon [15, 16] . Changes in medium concentrations of 20␤-S, 17,20␤-P, E 2 , and testosterone in our study of striped bass are consistent with this proposed pattern of enzyme activation by rhIGF-I. Immediate derivatives of 17P4 (17,20␤-P and testosterone) were reduced in concentration or below detection limits in media of tissues exposed to rhIGF-I, even though medium levels of their immediate products (20␤-S and E 2 , respectively) increased in response to rhIGF-I. The increase in E 2 is consistent with an increase in aromatase activity.
Activity of IGF-I can be modulated by IGF-BPs, which inhibit or stimulate IGF-I action by several different mechanisms (see reviews [23, 24] ). For example, IGF-BPs released into tissue culture medium can bind IGF-I and prohibit or alter binding of the hormone to its receptor. Western ligand blotting experiments on tissue culture media revealed that gonadal tissues from juvenile striped bass produce IGF-BPs in vitro [34] . It is reasonable to expect mature ovarian tissue to have this same capability. In the present study, we found that potency of an IGF-I analogue that does not bind to IGF-BPs in higher vertebrates, des(1,3)IGF-I, was greater than that of rhIGF-I (Fig. 6) . This is consistent with ovarian tissues producing IGF-BPs in vitro that can inhibit IGF-I from binding to its receptor.
It should be noted that induction of GVBD in striped bass oocytes by rhIGF-I (100 nM) was quite slow, taking longer than 3 days. This was true of early stage follicles that were not sensitive to hCG or 20␤-S, and also late stage follicles that completed GVBD in less than 24 h in response to hCG or 20␤-S. The comparatively weak response to rhIGF-I may be simply due to low potency of IGF-I for activating pathways leading to GVBD, low affinity of striped bass IGF-I receptors for rhIGF-I, or suboptimal culture conditions for IGF-I action. Alternatively, the low but early response to rhIGF-I is consistent with partial activation of pathways leading to GVBD. For example, IGF-I may regulate activity of only some of the proteins involved in activation of MPF [5, 14] . However, almost nothing is known about the activation of MPF in advanced perciform fishes, including striped bass [1, 35] .
Detailed investigations of MPF activation by GtH, 20␤-S, and IGF-I in striped bass oocytes, including comparisons of signal transduction pathways for these hormones leading to GVBD will be required before we understand why IGF-I acts earlier than GtH, but not as rapidly as GtH in later stage ovaries, and to fully appreciate the physiological significance of IGF-I to oocyte maturation. These studies will undoubtedly lead to greater understanding of critical early maturational changes in the ovary, which enable oocytes to initiate biochemical processes leading to final maturation. The present study sets the stage for this line of research by establishing the striped bass as a valuable model for early IGF-I action in oocyte maturation of perciformes. Of particular interest is the discovery that IGF-I can induce the resumption of meiosis and production of MIS, independent of inducing MIS competence, and the discovery that the response of the follicle to IGF-I can be used to identify animals for study that are at the earliest stage in the process leading to maturation yet to be discernable in a teleost.
